ABSTRACT
INTRODUCTION
The puborectalis muscle extends from its attachment at the inferior pubic ramus and surrounds the urethra, vagina and rectum with a sling shape before reaching its other attachment at the inferior pubic ramus; its orientation makes it possible to provide active support (by contraction) to the pelvic organs, in collaboration with other muscles of the levator ani muscle. During vaginal delivery, the puborectalis muscle is exposed to stress due to passage of the fetal head and is susceptible to traumatic injury 1 . Muscle trauma during delivery is described as a possible cause of postpartum pelvic floor dysfunction (e.g. stress urinary incontinence and pelvic organ prolapse) [2] [3] [4] . Assessing muscular function, such as contractility, in a quantitative way is possible by measuring muscle strain 5, 6 , which represents the amount of deformation during contraction or relaxation. Strain during contraction is therefore defined as (Length contracted − Length relaxed )/Length relaxed . In cardiology, myocardial strain measurements provide important information on clinical function; for instance, longitudinal strain of the left ventricle has proven to be an adequate parameter to diagnose ventricular function 7 . Similarly, measuring strain of the puborectalis muscle during and after pregnancy may add to our understanding of the physiological and functional effect of pregnancy and delivery on the pelvic floor.
The introduction of four-dimensional (4D) transperineal ultrasound has allowed us to visualize the puborectalis muscle in the axial plane and to study its movement and contractility 8 . The shortening of the puborectalis muscle during contraction, i.e. its strain, can be measured by means of new software segmentation and data analysis techniques. In order to assess the effect of pregnancy and childbirth on the puborectalis muscle, we set out to study changes in strain of the puborectalis muscle during pregnancy and after spontaneous vaginal, operative vaginal (vacuum) or Cesarean delivery.
METHODS

Study design and population
Our method to measure strain of the puborectalis muscle was developed as a secondary analysis of a large prospective cohort study on the association between stress urinary incontinence and levator muscle avulsion after a first delivery, performed in our University Hospital [9] [10] [11] [12] [13] [14] [15] [16] [17] . Transperineal ultrasound imaging datasets were analyzed of the pelvic floor of 280 nulliparous women with singleton pregnancy, examined at 12 and 36 weeks' gestation and 6 months postpartum 9 . Patients were recruited from an obstetrics practice associated with the University Medical Center in Utrecht, The Netherlands.
Patients were excluded who had a medical history of urinary and/or fecal incontinence, previous pelvic organ prolapse or anti-incontinence surgery, connective tissue disease or neurological disorder 9 . The original study (reference 08/299) was approved by the Institutional Human Research Ethics Committee of the University Medical Center, Utrecht, and all women gave written informed consent.
Ultrasound examination
Ultrasound assessment consisted of 4D transperineal ultrasound imaging using a GE Voluson 730 Expert system (GE Medical Systems, Zipf, Austria) with a RAB 4-8-MHz curved array volume transducer. All pelvic floor ultrasound examinations were performed with the patient in supine position and with an empty bladder, at rest and on maximum pelvic floor muscle contraction (PFMC) 9 . The ultrasound probe was placed on the perineum in the sagittal plane, and the woman was instructed verbally to perform PFMC with visual feedback on the ultrasound monitor. The examinations were performed by two experienced sonographers, who gave similar instructions during the trial and final examination, and at least three attempts were acquired for each woman.
Image reconstruction and analysis
Offline analysis of the data was performed using 4D View 7.0 (GE Medical Systems) and Matlab ® R2010a (The MathWorks, Natick, MA, USA). Observers were blinded to delivery mode during postprocessing of the data. Image analysis was done by selection of the tomographic ultrasound images (TUI) at rest and on PFMC. Tomographic ultrasound imaging was performed on volumes obtained on PFMC at 2.5-mm slice intervals, from 5 mm below to 12.5 mm above the plane of minimal hiatal dimensions (eight slices) 8, 18, 19 . Strain measurement was performed on the slice of minimal hiatal dimensions, i.e. the TUI slice in which the pubic bones are closed.
Presence of complete avulsion of the puborectalis muscle was defined in line with the international accepted definition presented by Dietz and coworkers in 2007 and 2011 20, 21 according to which an abnormality in the three central TUI slices, i.e. slices at the level of the plane of minimal dimensions and at 2.5 and 5 mm above this plane, is required as a minimal diagnostic criterion for the diagnosis of a complete avulsion 21 . Accordingly, we changed the previously defined guideline on partial avulsion, from 'defects that do not meet the minimal criteria for complete avulsion, meaning defects that do not include the three central slices on TUI' to the presence of partial trauma when at least three out of the TUI slices 3-8 were abnormal 21 . A consensus meeting was organized to review cases with different diagnosis. The kappa value was calculated to determine observer variation.
Delineation of structures and midline drawing
The region of interest, the puborectalis muscle, was delineated semi-automatically using the software Matlab (function 'imfreehand') as described previously (Figure 1) 14 . Additionally, software was developed to automatically load, process and calculate the length of the puborectalis muscle. Based on the previously delineated regions of interest, a centerline was generated. The length of this centerline was then defined as the length of the puborectalis muscle and used for calculation of strain. The results from this automated software were validated by manual spline measurements using the Matlab tool 'Image Measurement Utility'. Strain (%) was calculated according to the formula: Strain = Length contracted − Length relaxed Length relaxed × 100.
For every dataset, an overlaid image of the original gray-value image, the contour of the segmentation, the approximating spline and the intersection points were saved ( Figure 1d ) and visually inspected by an expert. Strain calculation was done based on centerlines that are generated from the previous delineation. The reliability for this delineation has been described before, with an interobserver intraclass correlation coefficient (ICC) ranging from 0.63 to 0.87 and intraobserver ICC from 0.88 to 0.94 14 . Since the generation of the centerline is done fully automatically and the centerlines were afterwards visually inspected by an expert, the strain calculation uses the same ground truth as the calculation described. 
Data and statistical analysis
In our study, strain was defined as the shortening of the muscle from its resting length during contraction. If no movement (i.e. no strain) of the puborectalis muscle was observed, this was explained as either inability of the woman to perform a proper PFMC or indication that the muscle was severely damaged. A strain value of zero (no movement) at 6 months postpartum was considered to be the result of puborectalis muscle damage only if the woman was shown to be able to perform contraction of the puborectalis muscle at the previous examinations at 12 and 36 weeks' gestation. If not, the woman was classified as not being able to perform a voluntary contraction and was excluded from analysis.
To assess possible confounders, we evaluated the correlation between strain of puborectalis muscle and the parameters birth weight, duration of second stage of labor and the timing of the ultrasound scans. Since vaginal delivery, both spontaneous and assisted, has been reported as one of the main factors associated with pelvic floor disorders, we decided to analyze our postpartum results separately for women who had Cesarean delivery, vaginal delivery or operative (vacuum) vaginal delivery 3, 22 . To compare the global strain between different delivery methods, a paired-sample t-test was used. Data collected at 12 and 36 weeks' gestation were compared using a paired-sample t-test to assess possible changes in strain during pregnancy. Mean difference in absolute strain values was determined by ANOVA. The change in strain over time can only be calculated when strain values are available at both time points. Dividing the average strain values at 12 weeks, 36 weeks or 6 months postpartum will, therefore, not result in the same increase or decrease in strain as found in statistical analysis. In addition, differences in mean strain values at 6 months postpartum between women with no, partial or complete avulsion were compared with ANOVA and Tukey post-hoc testing. Statistical analyses were performed using the SPSS statistical package (SPSS Inc., Chicago, IL, USA).
RESULTS
Of the 280 women recruited from the clinic, 254 datasets were analyzed, following exclusion of 26 datasets (twin pregnancy (n = 1), neurological disorder (n = 1), very preterm delivery (n = 1), lost to follow-up/missing volumes (n = 17), symphysis located outside of view (n = 6)).
Within the final dataset of 254 images, there were some additional missing data due to non-attendance of one of the three ultrasound examinations. A total of six women were not able to perform an adequate PFMC after delivery as well as during pregnancy and were excluded as previously indicated. Twenty women who had vaginal delivery and five women who had operative vaginal delivery had a true zero strain value. All women who underwent Cesarean delivery were able to perform PFMC.
Of the included women, 151 had spontaneous vaginal delivery, 45 had vacuum vaginal delivery and 47 underwent Cesarean delivery, while the mode of delivery was not recorded in five cases. Mean age of the women was 31.1 ± 4.1 years and mean body mass index at 12 weeks and 36 weeks of gestation and 6 months postpartum was 23.4 ± 3.9, 27.6 ± 3.8 and 24.0 ± 3.9 kg/m 2 , respectively. Additional information on the number of women who had a first and second stage Cesarean delivery can be found in our previous publication 16 . The mean gestational age at the first and second ultrasound examinations and the mean number of postpartum months at the time of the third examination, for the different delivery groups, are shown in Table 1 . All groups were examined at the same timepoints in pregnancy and postpartum.
A statistically significant correlation between global strain of puborectalis muscle and birth weight was observed; however, after correction for multiple testing (Bonferroni correction 0.05/6) the value was no longer significant and the correlation coefficient was 0.173, which is considered poor. There was no significant correlation between strain of puborectalis muscle and duration of second stage of labor.
Global strain
The mean values of global strain of the puborectalis muscle, expressed as percentages, for the different timepoints for each delivery group are shown in Table 2 and the graphical expression of these values, with 95% CI, is presented in Figure 2 . The difference in absolute strain values between each of the two timepoints in pregnancy and those 6 months after delivery are given in Table 2 . In women who had vaginal delivery or operative vaginal delivery, a statistically significant reduction was observed in absolute strain value after delivery, expressed as relative percentage difference between global strain at 12 or 36 weeks' gestation and strain 6 months after delivery (Table 2) . No statistically significant reduction in absolute strain values after delivery was seen in the Cesarean delivery group. In addition, ANOVA and Tukey post-hoc testing indicated no significant differences in absolute strain values at 6 months postpartum between the delivery groups, with P-values of 0.702, 0.172 and 0.144, for vaginal vs operative vaginal, vaginal vs Cesarean and operative vaginal vs Cesarean delivery groups, respectively.
The kappa value for variation between the two observers (A.T.M.G. and M.K.W.) on defining avulsion was 0.71. There was disagreement in 31 cases, of which 17 were a mismatch between one observer defining it as 'no avulsion' and the other observer defining it as 'partial avulsion'. The number of women with different types of avulsion and mean values of global strain of the puborectalis muscle according to presence and type of avulsion are shown in Table 3 . Women with complete bilateral avulsion had significantly diminished strain as compared with women who did not have avulsion (P = 0.013). Mean strain values between other groups were not significantly different.
DISCUSSION
In women who delivered by spontaneous or operative (vacuum) vaginal delivery, global strain of the puborectalis muscle was reduced significantly at 6 months postpartum compared with strain values during pregnancy, with differences ranging from −17% to −42%. This reduction was not found in women who had Cesarean delivery. Women with a complete bilateral avulsion after delivery had a significantly poorer strain compared with women with an intact puborectalis muscle.
Strain represents the amount of deformation between the resting and contracting state of a muscle, and a reduction in strain in the puborectalis muscle is equal to a reduction in contraction or shortening of the muscle, i.e. diminished contractile function. The ability of the puborectalis muscle to contract and relax is an essential functional feature, and obtaining functional information through ultrasound may be of diagnostic and therapeutic importance. We consider strain during contraction to be of clinical importance for pelvic floor function since contraction is the mechanism behind continence. Quantifying strain could be a helpful tool in diagnostics and therapy in pelvic floor muscle training. A difference between strain in cardiology and pelvic floor research is the difference in (in)voluntary contraction. Voluntary contraction and relaxation of the pelvic floor is more prone to differences in strain as compared with autonomic cardiac muscle contraction, which is stable over cycles. However, we tried to limit this effect by carefully instructing the patient on how to perform a maximum contraction. The majority of studies on the functional aspects of the pelvic floor look at hiatal area and angles, which are secondary markers of puborectalis muscle function 8, 9, 19, [22] [23] [24] . If the anteroposterior and transverse distances of the genital hiatus equally change in opposite directions (shortening and lengthening), the net result of the change in area value will be zero. However, in such a situation the change in shape of the hiatal area will be due to muscle contraction or relaxation, which will present itself as global strain. This concept has already been shown in cardiology by Pedrizzetti and coworkers 25 . Thyer and coworkers were the first to introduce the concept of muscle strain in ultrasound assessment of pelvic floor muscle function 26 . They measured strain by measuring the changes in hiatal circumference between rest and contraction, and rest and Valsalva. The authors showed that the correlation between the digital assessment of pelvic floor strength, using the modified Oxford scale 26 , and strain was statistically significant but moderate for contraction, and weak for Valsalva. Accordingly, in 2009, two studies were published on strain in the pelvic floor in relation to clinical outcome 27, 28 . Abdool et al. assessed the effect of levator avulsions on strain measurements of the levator muscle and concluded that avulsion injury is associated with abnormal levator biometry and function 27 . Svabik et al. defined the degree of stretch/strain of the levator hiatus in childbirth and obtained normative data for the distension, but no conclusion could be drawn 28 . A study by Guzmán Rojas et al. concludes that both levator avulsion (macro trauma) and irreversible overdistension (micro trauma) are associated with reduced contractile function 19 . This effect is more easily detected by palpation than by sonographic indices of levator function. These reports on strain of the pelvic floor muscles underline the potential of this type of measurement in assessing pelvic floor behavior and changes.
Vaginal child delivery may cause trauma to the pelvic floor muscles 29, 30 . We believe that the reduction in strain is primarily caused by the excessive overdistension of the puborectalis muscle during delivery, as has been reported previously by Guzmán Rojas et al. 19 . From this perspective, our finding of significantly reduced strain of the puborectalis muscle after vaginal delivery, but not after Cesarean delivery, is logical. A similar result was presented by the group of Staer-Jensen. The authors found that the estimated mean levator hiatus area during contraction was significantly larger postpartum (6 weeks, 6 months and 12 months) in the vaginal delivery group compared with the Cesarean delivery group 31 . One of the explanations for the decrease in absolute strain after vaginal delivery is the presence of levator avulsion trauma.
In our study, the number of women with unilateral and bilateral avulsion was limited to 14 and 23, respectively, and it would be interesting to study these differences in larger cohorts as well. The global strain of the puborectalis muscle in women with a complete unilateral avulsion was lower than that in the group without avulsion, yet not significantly so. This might be due to the limited sample size and so needs to be studied in a larger cohort to assess its clinical implication. Partial avulsion did not seem to have an effect on the women's muscle strain, a finding in line with previous research on partial trauma and its limited clinical relevance 20 .
The absolute strain values between the different delivery groups at 6 months postpartum were lower after vaginal delivery, although the difference was not statistically significant. This could be due to an inadequate sample size, since the original study was not powered to detect differences in strain. Furthermore, since the ultrasound assessment was performed 6 months postpartum, regeneration of the muscle might have improved its function and diminished the difference between the different groups 32, 33 . The effect of muscle healing is not clear in this study, since scans were not performed at multiple time points postpartum. Although we used the term puborectalis muscle in our article one may argue that pubococcygeus or pubovisceralis is a more appropriate term, in line with the Terminologica Anatomica and previous research 34, 35 . However, we chose this wording because most current literature refers to the muscle we selected to study as puborectalis.
One of the main strengths of our study is its prospective design, including measurements at 12 and 36 weeks of gestation, but also at 6 months after delivery. Furthermore, accurate measurement of strain is dependent on proper delineation of the puborectalis muscle from its attachment to the inferior pubic ramus. A slight variation in the visual identification of this place of attachment is possible, which may result in a difference in length of the puborectalis muscle as a consequence. The measurements on global strain are based on the method of semiautomatic delineation, with good reliability, which we described in an earlier study 14 . After manual segmentation the analyses of the strain is done automatically by the computer, decreasing observer variability.
In conclusion, the diminished global strain of the puborectalis muscle after vaginal or operative vaginal delivery indicates that childbirth influences negatively the contractility of the puborectalis muscle.
DISCLOSURE
N.H. has been working as a Bioengineering Student, positioned at TOMTEC Imaging Systems GmbH during this study. He is currently employed full time at TOMTEC Imaging Systems GmbH.
